Knowledge regarding QTL has led to remarkable advances in breeding for a variety of 3 traits, some of which have an effect on yield under particular environmental conditions. 4
The final yield of a crop is the product of multiple growth and development processes 1 that occur throughout the life cycle, with many genes having direct and indirect effects (Slafer 2 2003) . QTL determining favourable traits for particular environmental conditions may also 3 have indirect effects on yield; examples include dwarfism (Rebetzke et al., 2000) and 4 photoperiod response (Laurie et al., 1994; Worland et al., 1998 . It stands to reason, therefore, 5 that many QTL would be detected for grain yield. Indeed, many have been detected in 6 multiple barley populations (reviewed by Thomas 2003) , but few have had direct impact on 7 breeding programmes, at least as gathered from published sources. Among the causes for this 8 lack of successful application of QTL information to MAS are genetic background, genotype-9 by-environment (GxE) interaction, and the modest effects of yield QTL alleles (Voltas et al. 10 2002 , Slafer 2003 . GxE interactions are one of the main obstacles to progress in breeding 11
programmes. Therefore, elucidation of the processes determining yield GxE, and their genetic 12 basis, would be of great help to breeders. 13
Phenological adjustment is one of the key factors determining adaptation under water -14 limiting conditions, and it is one of the main contributors to GxE interaction in cereals. The 15 main factors driving barley phenology are photoperiod and vernalization sensitivity. Both 16 have a direct influence on crop adaptation and the geographic distribution of cultivars (Boyd 17 1996) . Flowering time genes determine the duration of crop developmental phases and, 18 indirectly, the production of dry matter, the number of structures that contribute to final yield 19 (tillers, spikes and grains), and also the way in which dry matter is partitioned (Boyd 1996) . 20 Karsai et al. (1999) showed that Ppd-H1 and Vrn-H1, the two major genes affecting flowering 21 time in the Dicktoo x Morex population, had also a significant effect on several agronomic 22 traits including yield components. 23
The aim of this research was to discover grain yield QTL in a doubled haploid 24 population of barley that is agronomically well-adapted to the inland plains of Spain. We 25
Results 1 2
Yield and heading date 3 Progeny yields were, on average, closer to the best parent for each trial. The ranges of 4 variation for grain yield and days to heading for the DH lines were greater than the 5 differences between the parental lines (Beka and Mogador), showing transgressive 6 segregation in all the experiments (Table 2) . A detailed description of the heading date data is 7 presented in Cuesta- Marcos et al. (2008) . Regarding overall yield, LE01, LE02 and VA02 8 showed similar average values, and amplitudes in the range of variation, whereas ZA01 and 9 LE02 were significantly lower and higher yielding, respectively (Table 2) . 10
The relationship between heading date and yield showed different trends in the four 11 experiments in which both variables were recorded ( Fig. 1) . At LE01, yield decreased with 12 lateness, and the opposite was true at VA02. At the other two trials, though the slope was 13 negative, the relationship was non-significant. Overall, the plot of the averages of the 120 14 lines for yield and heading date across environments showed a slightly quadratic pattern (Fig.  15 2), with the highest yielding lines, and also the largest variability for yield, occurring at 16 intermediate heading dates (Fig. 2) . 17
18

QTL main effects and interactions 19
Five QTL for grain yield were found when analyzing the average yield of the 120 DH 20 lines. Three of them were on the long arm of chromosome 5H (Fig. 3a) . These QTL, coded as 21 Y1-Y5, explained 40% of the phenotypic variation for the trait (Table 3) . For four of these 22 QTL, higher grain yield was associated with the Mogador allele. The exception was Y3, 23 where higher yield was due to the Beka allele. A significant interaction between Y2 and Y4 24 was responsible for an additional 5% of the phenotypic variation (Table 3) . Only one of the 1 grain yield QTL (Y2) showed significant QTL x Environment interaction (Fig. 3b) . 2 Two additional regions with strong QTLxE interaction were detected on the long arm of 3 chromosome 1H, and in the centromeric region of chromosome 2H (Fig. 3b) . These two 4 regions coincide with the positions of the two major QTL for heading date under autumn-5 sown conditions in this population (Cuesta-Marcos et al. 2008) : one associated with Ppd-H2 6 (Bmag382) and the other with Eam6 (Bmac132). The QTLs in these regions explained 7 between 48 and 64% of the phenotypic variation in heading date variation in this population 8 (Cuesta-Marcos et al. 2008) . Therefore, the genotype by environment interaction for grain 9 yield detected in this population was, in part, caused by the dynamic relationship between 10 yield and heading date across environments and planting dates ( Figs. 1 and 2) . 11
To further understand these interactions, we studied the effects of these loci in each 12 experiment (Fig. 4) . Early alleles (Mogador for Bmac132, Beka for Bmag382) were 13 significantly superior in the experiment in which earlier lines showed a yield advantage 14 (LE01). The opposite was true for the trial in which later lines had higher yields (VA02). 15
Bmag337 showed large and contrasting effects in four trials 16
Because the relationship between heading date and yield changed with maturity group, 17 we asked the question 'are yield QTL in the full population the same as those within each 18 maturity group?' We hypothesized that any QTL whose effect was apparent only for a 19 specific maturity group would show significant interaction with the principal QTL 20 determining maturity (Ppd-H2 and Eam6 regions). The three maturity groups showed 21 significantly different heading dates ( We found that the effects of the QTL detected in the overall analysis were not consistent 3 across maturity groups (Fig 5) . The averages of the absolute values for the additive effects for 4 all seven loci were 49, 80 and 67 kg ha -1 for the Early, Intermediate, and Late classes, 5 respectively. A majority of markers (6 out of 7) showed significant effects in the Intermediate 6 class, whereas only 1 and 2 were significant in the Early and Late classes, respectively ( Yield levels were average for VA02 and ZA01, and moderately high for LE01, LE02 and 15 HU03 when compared with historic averages. Therefore, the data are representative. Mogador 16 was higher yielding than Beka in most trials ( Table 2 ). The only exception was ZA01, and 17 this may be explained by a lack of full vernalization in this trial. The wide range of variation 18 for heading time among the DH lines, and the low CDD temperatures in this trial were 19 consistent with insufficient vernalization (Table 1) . These circumstances are not uncommon 20 in the region. 21
The dynamic relationship of yield with heading date (Fig. 1, Fig. 2 ) was presumably, a 22 consequence of different conditions of water availability during grain filling. At LE01, the 23 temperatures were highest, and precipitation the lowest, during winter and spring (as most of 24 the 128 mm of spring rainfall fell on a single day, at the end of the season). These data are 25 consistent with the occurrence of terminal stress and, hence, of less favourable conditions for 1 late heading genotypes. At VA02, on the other hand, rainfall was evenly distributed over the 2 entire season and temperatures were lower than at the other trials, especially during grain 3 filling. Therefore, VA02 conditions were comparatively better for late genotypes. 4
Five main effect QTL for grain yield and three for GxE interaction were identified 5 (Table 3 , Fig. 3a) . These results reveal the important role of heading date, and heading date 6 QTL, in determining yield and its GxE interaction. The main effect yield QTL were located in 7 the following regions: 8 − Y1, on the long arm of chromosome 3H (bin 13). There are several reports of QTL for 9 grain yield in this region (Hayes et al. 1993 , Thomas et al. 1995 , Bezant et al. 1997 , 10 Powell et al. 1997 , Yin et al. 1999 , Marquez-Cedillo et al. 2001 . QTL were also found 11 in this region for ear grain weight and thousand grain weight (Bezant et al. 1997 ). The 12 semi dwarf gene denso (Laurie et al. 1993) , which affects many agronomic traits (Barua 13 et al. 1993 , Powell et al. 1985 , Thomas et al. 1995 , is located in this bin. However, 14 neither parent of this cross is a denso semi-dwarf. 15 − Y2, Y3, Y4, on the long arm of chromosome 5H. There is sufficient distance between 16 them to consider them independent. Two of these QTL (Y2, Y3) are in the same bins (5 17 and 10, respectively) as two yield hot-spots described by Thomas (2003) The significant interaction found between Y2 and Y4 was caused by higher-than-7 expected yield produced by the combination of Mogador alleles at both loci. These QTL are 8 both on chromosome 5H, but they are distant enough to segregate independently. However, 9 the presence of another QTL between them (Y3), in repulsion, may affect the power of tests in 10 this region. 11
Several regions also showed QTL x E interaction ( conditions, where cultivars are also exposed to natural (short) photoperiods during most 19 of the growing season (Boyd et al. 2003) . 20 − Bmag382, on the long arm of chromosome 1H (bins 12-13) is coincident with the 21 position of the photoperiod response gene Ppd-H2, which causes differences in heading 22 date under short photoperiod conditions (Pan et al. 1994 , Laurie et al. 1995 , Boyd et al. 23 2003 , Francia et al. 2004 ). This QTL is a major determinant of heading date under 24 autumn sowing conditions in Spain for this population (Cuesta-Marcos et al. 2008) . 25
The analysis that surveyed the effect of all markers on yield, including their interaction 1 with Cycle, detected additional QTL in the vicinity of the following markers: 2 − HvM40, located on the short arm of chromosome 4H (bin 2). The LOD is slightly under 3 the significance threshold in the CIM analysis (Fig. 3a) . No yield QTL has previously 4 been reported in this region, but QTL for heading date were found in this population 5 (2003) and Pillen et al. (2003) . In our study, its effect was observable only in the Late 12 heading class (Fig. 5) . Hence, this QTL may be related to a mechanism that affects yield 13 when its relationship with heading date is negative, most likely in a situation of terminal 14 water stress. This population displayed an impressive degree of phenotypic variation for heading date 24 -on average 18 days. The scatterplot shown in Fig. 2 reveals that this range is wide enough to 25 encompass the optimum heading date to maximize yield for this population in this range of 1 environments. It is also clear from the figure that higher yield potential, and variability, are 2 found in the intermediate maturity group. It is possible that lines which are too early maturing 3 are not able to take full advantage of spring rains, although they could be a safe bet from an 4 agronomic point of view. Late lines, on the other hand, with their longer vegetative phase, can 5 take advantage of spring rainfall, and thus accumulate more biomass to achieve higher yield 6 potential. However, their yield can be reduced to a greater extent because of the drought stress 7 that commonly occurs at the end of the crop cycle. All things considered, intermediate 8 heading dates are most likely to maximize yield. 9
Other studies carried out in the Mediterranean region, mainly by ICARDA researchers, 10
showed that the optimum heading date is one that is early enough to allow for grain filling 11 and drought avoidance but late enough to avoid cold damage (van Oosterom and Acevedo 12 1992a). Plant ideotypes proposed by these authors were early heading spring types or winter 13 types with moderately early heading (van Oosterom and Acevedo 1992b). 14 The range of heading dates in this population is representative of those found in the 15 Spanish Barley Breeding Programme, in trials carried out at the same locations. In these trials, 16 two cultivars are used regularly as early and late checks, to define the acceptable heading date 17 window for the materials in the programme. The flowering date of these checks, sown in 18 neighbour plots, was very similar to the extreme lines of the Beka 
